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Abstract

Studies in multiple species indicate that reducing growth hormone (GH) action en-
hances healthy lifespan. In fact, GH receptor knockout (GHRKO) mice hold the
Methuselah prize for the world's longest-lived laboratory mouse. We previously dem-
onstrated that GHR ablation starting at puberty (1.5 months), improved insulin sen-
sitivity and female lifespan but results in markedly reduced body size. In this study,
we investigated the effects of GHR disruption in mature-adult mice at 6 months old
(6mGHRKO). These mice exhibited GH resistance (reduced IGF-1 and elevated GH
serum levels), increased body adiposity, reduced lean mass, and minimal effects on
body length. Importantly, 6mGHRKO males have enhanced insulin sensitivity and
reduced neoplasms while females exhibited increased median and maximal lifespan.
Furthermore, fasting glucose and oxidative damage was reduced in females compared
to males irrespective of Ghr deletion. Overall, disrupted GH action in adult mice re-
sulted in sexual dimorphic effects suggesting that GH reduction at older ages may

have gerotherapeutic effects.
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1 | INTRODUCTION

Growth hormone (GH), promotes growth, inhibits insulin action
(diabetogenic effect) (Vijayakumar et al., 2010), stimulates expres-
sion of insulin growth factor-1 (IGF-1) by the liver and other target
tissues (Kopchick & Andry, 2000), and induces both catabolic and
anabolic effects in tissue dependent manners (Vijayakumar et al.,
2010). Importantly, numerous studies have shown that GH is part
of an evolutionarily conserved pathway of genes whose expression
modulate the aging process. Studies performed in yeast, worms,
fruit flies, and mice show that disruption of GH and/or IGF-1(or
their homologs) can improve health and extend lifespan (Junnila
et al., 2013). A link between the GH/IGF-1 axis and aging has been
also shown in humans. That is, a sub population of Ashkenazi Jewish
centenarians and their offspring harbor mutations in the IGF-1 re-
ceptor, resulting in decreased activity of the GH/IGF-1 axis (Suh
et al., 2008). Additionally, studies by Guevara-Aguirre and col-
leagues reveal that humans with Laron Syndrome (LS) who are GH-
resistant, have enhanced insulin sensitivity, are resistant to diabetes
and cancer, and show a significant reduction in pro-aging markers
(Guevara-Aguirre et al., 2011).

Several mouse lines with germline GH axis disruptions have
shown extensionsin lifespan. Specifically, mice with inactivating gene
mutations in the GH releasing hormone (GHRH) or its receptor (also
known as the lit/lit mouse), as well as Ames and Snell mice (congen-
ital mutations in pituitary transcription factors), and the GHR gene
disrupted (-/-) or knockout (GHRKO) mice, exhibit decreased body
length, increased body adiposity, improved glucose metabolism, and
markedly extended lifespan (Bartke, 2008). As a result, it has been
proposed that targeted inhibition of the GH axis could be a promising
pharmacological intervention to extend healthy aging (Longo et al.,
2015). Notably, except for the GHRKO mice, the aforementioned
mouse lines have reduced action of at least one additional hormone
such as prolactin, thyroid-stimulating hormone, or GHRH, that may
contribute to their extended longevity phenotype. Therefore, the
GHRKO mouse line was established as a model to study the specific
effects of reduced GH action in vivo. Furthermore, the GHRKO mice
are a model for subjects with LS, who also harbor inactivating muta-
tions in the GHR gene and show significant decrease in serum IGF-1,
increased GH levels and have a reduced body size. Importantly, due
to their exceptional longevity, the GHRKO mice hold the Methuselah
mouse prize for the world's longest-lived laboratory mouse with a
lifespan a week short of 5 years of age (Pilcher, 2003). The GHRKO
mice also exhibit improved healthspan, showing improved cognition
and insulin sensitivity, resistance to diabetes, reduced neoplasia, and
decreased markers of aging such as adipose tissue (AT) senescence
(Stout et al., 2014) and mTORC1 signaling in liver, kidney, heart, and
muscle (Fang et al., 2018; Stout et al., 2014). Our laboratory recently
reported that some of the benefits of congenital GH deficiency, such
as enhanced insulin sensitivity and extended lifespan in females
could be achieved if GHR is disrupted during puberty at 1.5 months
of age (Junnila et al., 2016). In light of such promising results, the
present study sought to answer if it is possible to attenuate GH

action further in life and attain the benefits obtained in mice with
congenital GHR ablation. Clinically relevant interventions to extend
healthy lifespan should be given at an adult age. Therefore, here,
we disrupted the GHR at 6 months of age in mice (corresponding
to ~30 years old in humans) (Hagan, 2020), where the animals have
already completed sexual maturity. This study will determine if an
intervention given at a mature-adult age to reduce GH action can

enhance health and lifespan.

2 | RESULTS

2.1 | Modulation of the GH/IGF-1 axis following
GHR disruption at 6 months Age

To generate the 6mGHRKO mice, we used the Tamoxifen (Tam)-
induced Cre-Lox system driven as previously described (Duran-Ortiz
et al., 2018). The efficacy of Tam-induced gene recombination was
assessed by evaluating Ghr gene expression using RT-gPCR in several
tissues of mice at middle age (12-months) and old age (22-months):
liver, kidney, two adipose tissue (AT) depots (subcutaneous [subq]
and perigonadal [peri])-, quadriceps (quad), and heart. Ghr gene ex-
pression was significantly decreased at both ages in all the tissues in
both sexes. Specifically, liver and kidney, showed ~99% and ~80%
decrease in Ghr expression. Peri and subq AT depots showed ~90%
and ~80% reduction in Ghr expression, respectively (Figure 1a,c).
Skeletal muscle and heart were less responsive to Tam induction,
showing at least 48% decrease in Ghr expression levels in both sexes
at both time points. Together, Tam injection at 6 months of age was
sufficient for reduction of Ghr gene expression that lasted through-
out life.

Growth hormone stimulates 75%-90% of the circulating IGF-1
production from the liver (List et al., 2014), which, in turn, reduces
GH release from the anterior pituitary via a negative feedback loop.
Given that Ghr gene ablation in the liver was exceptionally effective
(>99%), it is not surprising that circulating IGF-1 levels were signifi-
cantly reduced in male and female 6mGHRKO mice as compared to
controls and at both 12- and 22 months of age (p < 0.0001; Figure 1b).
Due to the lack of the negative feedback loop on GH release, we also
found an increase in circulating GH levels in both sexes and at both
time points (p < 0.0500; Figure 1d). We also found that Igf-1 mRNA
expression in most tissues followed a similar trend to that seen for
the Ghr gene expression; that is, Igf-1 mMRNA levels were most signifi-
cantly decreased in liver (76%), followed by peri AT (57%) and heart
(33%) of male and female 6mGHRKO mice compared to controls at
both time points (Figure 1e,g). However, IGF-1 production was un-
affected in the kidney and skeletal muscle of male mice at both time
points and in the subg AT depot at 22 months of age for both sexes
(Figure 1e,g). The bioavailability of IGF-1 is highly dependent on the
expression levels of IGFBPs. We found that IGFBP-2 was increased
in males at 12 months of age (p = 0.0305; Figure 1f) while IGFBP-3
was significantly decreased in both sexes and at both time points
compared to controls (p < 0.0001; Figure 1h).
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FIGURE 1 GH/IGF-1 axis is altered
as a result of Ghr gene disruption at

6 months of age. (a) Ghr gene expression
at 12 months of age (n = 12/group).

(b) Circulating IGF-1 levels at 12 and

22 months of age (n = 9/group). (c) Ghr
gene expression at 22 months of age

(n = 13/group). (d) Circulating GH levels
at 12 and 22 months of age (n = 9/group).
(e) Igf-1 gene expression at 12 months
of age (n = 12/group). (f) Circulating
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2.2 | Body size is minimally affected while body 6mGHRKO mice had no impact on body length at 12 months

composition is altered in 6mGHRKO mice

Growth hormone has catabolic effects on AT while being anabolic
for most other tissues (Vijayakumar et al., 2010). To assess how
disruption of GH action in mature-adult mice alters bodyweight,
body composition and body length, we measured these param-
eters from one day before Tam treatment (6 months old) until
the mice were 22 months of age. Repeated measures ANOVA
showed that bodyweight over time was not significantly changed
in either sex of 6mGHRKO mice compared to controls (Figure 2a
and Figure S1). Unlike humans, the bone growth plate of mice
does not fuse after sexual maturation (Jilka, 2013). We found

that ablation of GHR at a mature-adult age in male and female

of age, but body length was reduced at 22 months of age with
6mGHRKO males and females showing a mild, but significant re-
duction of 6.3% and 4.7%, respectively, compared to controls.
Furthermore, no significant difference was found in femur length
of 6mGHRKO mice at 12 months of age. Although femur length
in males at 22 months of age was decreased compared to con-
trols (p = 0.0073) (Figure 2b), there were no significant differ-
ences in femur length in either sex at the end of life (Figure 2b).
Decreased GH action in 6mGHRKO mice significantly altered
body composition over time in both sexes compared to controls
(Figure 2c-h), with the percent fat mass increased (p < 0.0005)
and percent lean mass decreased (p < 0.0004). To test whether

decreased GH action at a mature-adult age affects tissue/organ
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FIGURE 2 Mice with disrupted GH action at 6 months of age do not show stunted body size but have altered body composition. (a)
Bodyweight at the time of dissection 12 (n = 12/group) and 22 (n = 13-14/group) months of age. (b) Body length at the time of dissection
(12 and 22 months of age) (c) Femur length at the time of dissection (12 and 22 months of age) and at end of life. (d-g) Percentage fat

mass in males and females over time (n = 13-14/group). (e-h) Percentage lean mass in males and females over time (n = 13-14/group). (f-i)
Percentage fluid in males and females over time (n = 13-14/group). Black squares and red circles represent controls and gray squares and
white circles represent 6mGHRKO mice. Black bars represent male and red bars female controls, whereas gray- and white bars represent
male and female 6mGHRKO mice, respectively. Student two-tailed T test was used to assess significant differences between experimental
and control mice of the same sex. Repeated measures ANOVA was used for over time assessment and Student T test for difference between

individual time points for each sex. All values are mean + SE. *p < 0.05

development, we measured total tissue weights, as well as relative
tissue weights (tissue/organ weight normalized to bodyweight) at
12 and 22 months of age (Figure S3). We found a sex- and age-
dependent reduction in the total and relative weight of most of
the tissues (p < 0.0500), including internal organs (pancreas, liver,
kidney, lung, and intestine) and skeletal muscles (gas and quad).
Additionally, the subg AT of male 6mGHRKO mice was consist-
ently increased compared to controls (p < 0.0500). Interestingly,
the brain was the only tissue that showed opposite results. That
is, while an increased brain relative weight was seen in males at
22 months of age (p < 0.0001), a significant reduced brain total
weight was seen in female 6mGHRKO mice at 12 months of age
compared to controls (p < 0.0045).

2.3 | Sex-specificimprovement in insulin
sensitivity in 6mGHRKO mice

Growth hormone's diabetogenic (aka anti-insulin) effect cer-
tainly influences glucose homeostasis (Vijayakumar et al., 2010).
Therefore, we performed glucose tolerance tests (GTTs) and in-
sulin tolerance tests (ITTs) at 11- and 21 months of age. Glucose
tolerance was similar in both sexes at both time points (Figure 3a-
c and Figure S4). Insulin sensitivity, however, was significantly
improved only in male 6mGHRKO mice compared to controls at
11- and 22 months of age (p < 0.0500, Figure 3d,e,f and Figure
S4). Fasting insulin levels were not altered 6mGHRKO compared
to controls (Figure 3g); to note, the starting fasting glucose levels



DURAN-ORTIZ ET AL.

Aging

(a) mMale control (b) eFemale Control (c)
400 oMale 6mGHRKO 400 oFemale 6mGHRKO 30000
Z300 Z 300
E £ S 20000
g‘ @' <
2200 & 200 £
< 5] (U]
] 2 10000
S.100 S.100
0 0 0
0 30 60 9 0 30 60 90 > © &> O
Time (min) Time {min) S &E &
& F S
& & & F
W&
N
(d)ZSD mMale control (€) 550, @ Female control () 20000 <@
oMale 6mGHRKO oFemale 6mGHRKO *_
= * * =
320 T 200
> * 5 , 15000
?15 -;150 2
2 2 < 10000
E 10 E 100 =
O [Y)
= 5 = 50 5000
0: 0. 0
0 30 60 90 o 30 60 90 > O & 0
Time (min) Time (min) S & &
LS <) o &
& & F E
A° & 2®
QG
(9)1.5) g Male control I Male 6mGHRKO (1) 300) g Male control  TMale 6mGHRKO
— I Female control [] Female 6mGHRKO 5 I Female control [[Female 6mGHRKO
£ k)
31.0 £200 # #
:
3 o
éo.s i 100
0.0

12 months 22 months

FIGURE 3 Improved insulin sensitivity in only males and normal gl

12 months 22 months

ucose tolerance in both males and females 6mGHRKO mice. (a-b) GTTs

in 21-month-old male and female 6mGHRKO mice vs. controls (n = 12/group). (c) GTT area under the curve (AUC). (d-e) ITTs in 21-month-old
male and female 6mGHRKO mice vs. controls (n = 12/group). (f) ITT area under the curve (AUC) at 21 months of age. (g) Fasting insulin at 12
and 22 months of age. (h) Fasting glucose levels of male and female 6mGHRKO mice vs. controls at 12 and 22 months of age. Black squares
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male and female controls, whereas gray- and white bars represent

male and female 6mGHRKO mice, respectively. Student two-tailed T test was used to assess significant differences between experimental
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of the ITT are higher in males compares to females. In fact, at
22 months of age, fasting glucose levels were significantly de-
creased in females (both control and 6mGHRKO mice) compared

to male mice (p < 0.0117) (Figure 3h).

2.4 | Unaltered FSH or LH, liver TG, altered
adipokine secretion, and reduced oxidative damage in
6MmGHRKO mice

As disruption of GH action in other mouse lines has been shown
to decrease reproductive capabilities, we assessed the levels
of the anterior pituitary FSH and LH and saw no change be-
tween 6mGHRKO mice and their respective controls (Figure S2).
Additionally, both GH action and increased AT mass are associ-
ated with an altered adipokine expression (Kopchick et al., 2020),
and lipid and protein oxidation can modulate many obesity-related

comorbidities (Manna & Jain, 2015). Thus, we assessed circulat-
ing levels of three adipokines: leptin, adiponectin and resistin, as
well as the protein and lipid oxidation in the liver and subq AT.
Consistent with the subq AT mass (Figure S3), which was only in-
creased in male mice, serum leptin and resistin levels were sig-
nificantly elevated in male 6mGHRKO mice at 12- and 22 months
of age (p < 0.0141; Figure 4a,c), while serum leptin levels were
significantly decreased in 6mGHRKO females at 12 months
(p < 0.0124; Figure 4a). Adiponectin levels were unchanged be-
tween 6mGHRKO mice and controls, though two-way ANOVA
showed significantly increased adiponectin levels in females ver-
sus males at both time points tested (p = 0.0003, Figure 4b).

As increased aging is associated with increased levels of oxi-
dative damage, we evaluated the levels of protein carbonyls and
4-Hydroxynonenal (HNE)-protein adducts as indicators of protein
oxidation and lipid peroxidation, respectively. We observed that
HNE-adducts were significantly decreased in the liver (p = 0.0009;
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Figure 4e) and subq (p = 0.0075; Figure 4f) of male 6mGHRKO mice.
Interestingly, while female 6mGHRKO mice did not show a signif-
icant decrease in HNE-adducts in liver and subq AT compared to
controls, a significant decrease in lipid peroxidation in both tissues
was seen in females (p < 0.0400) compared to males (Figure 4e,f),
irrespective of Ghr knockout status. Furthermore, protein carbonyls
were decreased in the liver of female 6mGHRKO mice (p = 0.0479;
Figure 4e) compared to controls. Because of the obesity present in
6mGHRKO mice, liver triglycerides and inflammatory markers were
also measured and were unchanged (Figure 4d, Table S1).

2.5 | Extended median and maximal lifespan in
6mGHRKO female mice

Ablation of GH action in mice at 6 months of age significantly in-
creased mean, median, and maximum lifespan in female mice. Mean
lifespan was measured by both Log-rank (p = 0.0007) and the Gehan-
Breslow-Wilcoxon tests (p = 0.0063) (Figure 5b, Table S2). 6mGHRKO
females showed a 20% increase in median survival, living 925 days
compared to 769 days in female controls (p = 0.0178; Tables S3 and
S4). Maximal lifespan in female 6mGHRKO mice was extended by 15%,
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with 6mGHRKO females living 1164 days compared to 1085 days of
controls (p = 0.0278; Table S3). Although median survival for male
6mGHRKO mice was increased by 63 days vs controls (911 days vs.
852 days), it did not reach statistical significance (p = 0.0883) (Tables
S3 and S4). Maximal lifespan in 6mGHRKO and control males was
1154 and 1122 days, respectively (p = 0.4338, Table S4).

2.6 | Reduced neoplasms and glomerulonephritis
in 6mGHRKO mice

Global congenital reduction in GH action (as seen in GHRKO mice
and patients with LS) leads to resistance to cancer (Guevara-Aguirre
et al., 2011; Ikeno et al., 2009). Therefore, we performed end of life
pathology analysis that revealed a significantly reduced incidence
of fatal neoplastic lesions in male 6mGHRKO mice compared to
the controls (p = 0.0201; Figure 6a), despite a comparable tumor
burden in both sexes compared to controls (Figure 6f,h). Lymphoma
was the most frequently fatal neoplastic occurrence in both sexes
(Figure 6a,c); however, only male 6mGHRKO had a significantly lower
severity of lymphoma compared to the control mice (p = 0.041;
Figure 6i,fk). Interestingly, the total disease burden, including neo-
plastic and non-neoplastic diseases, and the morbidity index, which
reflect age-related accumulation of tissue and cell injury, were mark-
edly lower for male 6mGHRKO (p < 0.0100; Figure 6b,e) but not in
female (Figure 6d,g) 6mGHRKO mice compared to controls. Further,
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Other tumors
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both male and female 6mGHRKO mice displayed a markedly re-
duced severity of glomerulonephritis (p < 0.0200; Figure 6j,1), con-
sistent with prior observations in long-lived congenital GH-deficient
Ames (lkeno et al., 2003) and GH-resistant GHRKO mice (lkeno
et al., 2009). Importantly, the cause of death in the 6mGHRKO male
mice was categorized as ‘undetermined’ (45% or 14/31 cases in
6mGHRKO mice compared to 16% or 6/37 in male controls) by the

terminal pathology analyses (Figure 6a).

3 | DISCUSSION
Germline disruption of the GH/IGF-1 axis such as seen in Ames,
Snell, lit/lit, GHRKO, and GH knockout (GH-/-) mice leads to health
and lifespan benefits (Bartke, 2008). In the present study, we tested
how adult-onset reductions in GH action affect health and lifes-
pan, using a mouse line of inducible ablation of the GHR starting at
6 months of age (6mGHRKO). We found sexual dimorphic effects of
6mGHRKO on lifespan, glucose metabolism, and cancer. Together,
the results suggest that decreased GH action via Ghr gene disrup-
tion in adult mice has a positive impact in terms of healthy lifespan.
An important finding of this study was the significantly extended
longevity seen in female 6mGHRKO mice, with mean, median, and
maximal lifespan increased compared to controls. Additionally, al-
though increased lifespan was not seen in males, median lifespan

extension nearly reached significance in male 6mGHRKO. Notably,
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median lifespan in 6mGHRKO female and males was increased by
20% (769 vs. 925 days) and 7% (852 vs. 911 days), respectively, while
median lifespan in germline female and male GHRKO mice in the
C57BL/6J background was increased by 20% (850 vs. 1023 days)
and ~9% (866 vs. 941 days), respectively. Maximal lifespan assess-

ment has not been reported for female GHRKO mice as at the time
of the assessment some females were still alive (Coschigano et al.,
2003). Interestingly, similar to 6mGHRKO mice, a sex-specific lon-
gevity extension has also been reported in the 1.5mGHRKO mice
(Junnila et al., 2016) albeit to a lesser degree—with only an extension
in maximal lifespan, but no change in mean or median longevity in
the female mice versus controls. Postnatal disruption of the mouse
GH/IGF-1 axis has been modeled in other additional aging studies:
(1) liver-specific IGF-1 deficient mice, with hepatic IGF-1 ablation
at three developmental stages, 10-days (LID10d), 5 months (LID5m)
and 15 months of age (LID15m) (Ashpole et al., 2017); (2) late life tar-
geted IGF-1 receptor (R) mice, treated with IGF-1R monoclonal an-
tibody (L2-Cmu) onwards from 18-months of age (Mao et al., 2018);
and (3) pregnancy-associated plasma protein-A (fPAPP-A/pos) mice,
with the PAPP-A gene ablated at 5 months of age (Bale et al., 2017).
Interestingly, and in agreement to the results seen in 1.5mGHRKO
and 6mGHRKO mice, extended mean, median or maximal longevity
in these four studies were seen in females but not in males, suggest-
ing that postnatal disruption of GH/IGF-1 axis preferentially extends
lifespan in females. Of significance, fPAPP-A/pos mouse studies
were made only in female mice due to possible detrimental Tam ef-
fects in male mice, such as scrotal enlargement and herniation (Bale
et al., 2017). Because some reports indicate that Tam may have det-
rimental effects on male and female physiology, it is possible that the
lack of lifespan extension seen in male 1.5mGHRKO and 6mGHRKO
mice is influenced by Tam treatment. However, recent experimental
evidence suggests otherwise. Donocoff et al. found that serum and
histological changes driven by Tam injection in mice are reversed by
28 days post treatment (Donocoff et al., 2020). Furthermore, from
the mice with postnatal disruption in the GH/IGF-1 axis described
above, only the fPAPP-A/pos mice use Tam to drive gene disruption.
Thus, the female specific advantage seen in these mice seems to be
independent of Tam treatment, but dependent on the postnatal re-
duction of GH and/or IGF-1 action.

Sexual dimorphism with respect to GH action has been docu-
mented before, for example, the liver expression of CYP genes
(monooxygenase enzymes that metabolize diverse steroids and
fatty acids) is sex-specific and can be modified by adjusting the GH
pulsatility (Ahluwalia et al., 2004). There is an interplay between the
GH/IGF-1 axis and sex hormones, as estrogen is well known to in-
hibit GH action (Leung et al., 2003). In fact, GH secretion pattern
is sex-dependent with females showing higher nadir GH levels than
males, although the pulsatile excursions in males are more dramatic
(Jansson et al., 1985; Leung et al., 2003). It also has been shown that
estrogen via the estrogen receptor can interact and modulate activ-
ity of downstream effectors of the GHR signaling pathway, such as
STATS5 (Leung et al., 2003). Furthermore, estrogen can inhibit JAK2
activation (which is required for GHR activation) by promoting the

expression of Suppressor of cytokine signaling 2 (SOCS2) (Leung
et al., 2003). To note, results released by the National Institute of
Aging and the ‘Interventions Testing Program’ (ITP) have shown that
postnatal dietary interventions that affect the IGF-/insulin pathway
such as Rapamycin have a greater effect in extending female longev-
ity (Nadon et al., 2017). Although females with postnatal reduction
in the GH/IGF-1 axis have an advantage in terms of lifespan (Ashpole
et al.,, 2017; Junnila et al., 2016; Mao et al., 2018), this sex-specific
advantage is yet to be clarified as mouse lines with germline de-
crease in GHR activation have lifespan extension in both, male and
female mice (Bartke, 2008). Furthermore, studies performed with
GH-deficient Ames mice have shown that a 6-week GH treatment
starting at very young age (first or second week of age) have sexually
dimorphic effects with respect to longevity, depending on the age at
which the treatment is started. For example, GH treatment starting
at 1-week of age reduced the lifespan to that of control mice only in
Ames males while starting GH treatment at 2-weeks of age affected
both sexes similarly (Sun et al., 2017). These studies suggest that
there may be an important age-window in which reduction of GH
action modulates a sex-specific lifespan advantage.

To evaluate the ablation of the Ghr gene in 6mGHRKO mice and
the effects that this disruption has on the GH/IGF-1 axis, we evalu-
ated gene expression of Ghr and Igf-1 in several tissues and assayed
the circulatory levels of GH, IGF-1 and IGFBP-2 and IGFBP-3. We
found that Ghr gene disruption was not uniform among all tissues.
That is, while Ghr mRNA was more than ~50% reduced in all tissues
tested, Ghr gene knockdown was more robust in liver and white AT
than in skeletal and heart muscles. Also, because IGF-1 expression
is mostly regulated by GH signaling, it was expected that Igf-1 gene
expression followed the Ghr expression pattern. Approximately
75%-90% of the circulating IGF-1 is secreted by the liver (List et al.,
2014) and because GH ablation was best in liver, we predicted and
confirmed that similar to GHRKO mice, circulating IGF-1 levels were
significantly reduced. Interestingly, the serum levels of IGF-1 were
higher in female vs. male 6mGHRKO. This is congruent with reports
showing that after 4 weeks of age there is a decrease in IGF-1 lev-
els in male but not female mice (Walz et al., 2020). Furthermore,
Tam treatment may also have an effect in IGF-1 serum levels as it
has been shown that oral administration of estrogen and Tam in
woman decreases IGF-1 levels (Ho & Weissberger, 1992; Mandala
et al., 2001), while transdermal administration of estrogen elevates
IGF-1 levels (Ho & Weissberger, 1992). Therefore, the i.p. Tam in-
jection may have the same effect as transdermal administration in
increasing IGF-1 levels in female 6mGHRKO mice. IGF-1 binds to six
IGFBPs. Therefore, IGFBPs impact circulating IGF-1 bioavailability,
half-life, and activity (Juul, 2003). Furthermore, IGFBP-2 is known
to be suppressed by GH, insulin, and obesity and has been positively
correlated with insulin sensitivity (Juul, 2003). Serum IGFBP-3 is
upregulated by GH and is the most abundant serum IGFBP (Juul,
2003; Rajaram et al., 1997). We found that the 6mGHRKO mice had
increased IGFBP-2 in males and decreased IGFBP-3 levels in males
and females. Of importance, ~95% of circulatory IGF-1 is bound
and forms a tertiary complex with IGFBP-3 and a protein called
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acid-labile subunit (ALS), which is also upregulated by GH (Juul,
2003). Therefore, due to the decreased IGFBP-3 it is possible that
more unbound IGF-1 is found in circulation of 6mGHRKO mice, al-
though confirmatory assays would have to be performed to evalu-
ate the status of free circulatory IGF-1. The alteration found in the
GH/IGF-1 axis were expectedly similar to GHRKO and 1.5mGHRKO
mice (Coschigano et al., 2000; Junnila et al., 2016). One limitation
of this study is that due to the lack of specificity of the GHR an-
tibodies tested, the reduced GHR protein levels were not shown.
Despite this, the phenotype of the 6mGHRKO mice is consistent
with reduced GHR protein in the tissues, that is, the aforementioned
changes in serum GH and IGF-1 levels, and the increased adipose tis-
sue and decreased lean mass compared to controls. Therefore, alto-
gether these results confirm that the 6mGHRKO mice have reduced
GH action, which, in turn, modulates the IGF system.

Growth hormone has a diabetogenic effect, reducing insulin
signaling (Jansson et al., 1985), and therefore, one mechanism that
has been associated with lifespan extension is improved glucose ho-
meostasis (Templeman et al., 2017). Long lived mice with decreased
GH/IGF-1 signaling, such as Ames, Snell, GHRKO, GH knockout
(GH-/-), and 1.5mGHRKO mice, have consistently shown improved
insulin sensitivity (Junnila et al., 2016). We found that 6mGHRKO
mice had a sex-specific effect with respect to insulin sensitivity,
wherein males showed improved while females had intact insulin
sensitivity compared to controls. Despite the unchanged ITT in fe-
male 6mGHRKO vs controls, increased adiponectin levels (an ad-
ipokine associated with insulin sensitivity) and decreased fasting
glucose levels were found in females (with or without Tam injection)
compared to male mice. Also, glucose tolerance, fasting glucose and
fasting insulin level were unaltered in both sexes of the 6mGHRKO
mice. These results are in conflict with results obtained in Ames,
germline GHRKO, or 1.5mGHRKO mice, which show reduced fast-
ing insulin and glucose serum levels and decreased glucose toler-
ance (Bartke et al., 1998; Junnila et al., 2016). The discrepancy in
glucose homeostasis findings indicate that the age at which GH
action is diminished can have profound effects on glucose metab-
olism, as GH may affect glucose-responsive organs differently in
an age-dependent manner. Glucose intolerance reported in mouse
lines with germline disruption of GH action, such as in GHRKO and
GH-/- mice, has been attributed to a possible decrease in insulin
secretion due to smaller pancreatic islet size (List et al., 2019; Liu
et al., 2004). In line with this, the pancreas weight of male and fe-
male 6mGHRKO mice was also reduced at 12 months of age. Thus,
it is possible that the islet cells are also smaller. Kineman's group
at the University of lllinois-Chicago have reported on adult-onset
GH-deficient mice (AOiGHD) with ~50% decreased circulating GH
due to a postnatal (10 weeks of age) targeted destruction of the so-
matotrophs. Studies performed on AOIGHD and beta cell-specific-
GHRKO mice show unchanged beta cell mass with altered insulin
response, suggesting that other factors such as lipotoxicity can
affect insulin response (Cordoba-Chacon et al., 2014; Luque et al.,
2011). Along the same line and similar to germline GHRKO and
male 1.5mGHRKO mice (Berryman et al., 2010; Junnila et al., 2016),
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6mGHRKO mice have an obese phenotype but did not show any
changes in liver TG in both sexes at both time points. These results
contrast with the decreased liver TG found in AOiGHD mice and fe-
male 1.5mGHRKO mice (Junnila et al., 2016; Luque et al., 2011). We
did not test the mechanisms that affect glucose homeostasis such
as lipotoxicity and difference in glucose uptake capacity, but due to
the altered body composition seen in 6mGHRKO mice, investigating
such mechanisms by means of evaluating circulating triglycerides,
free fatty acids, and glucose uptake in individual tissues is of inter-
est and warrants future studies.

Possible therapeutic interventions to extend healthy aging
are more clinically relevant at an adult age and it has been shown
that early life disruption in GH action affects not only longevity
but also longitudinal growth and body composition. We also eval-
uated these parameters in 6mGHRKO mice and found that unlike
the 1.5mGHRKO mice, both male and female 6mGHRKO mice had
no significant changes in bodyweight and minimal impact in body
length (Junnila et al., 2016). Despite these results, the relative size of
some internal organs was changed in 6mGHRKO mice in a sex- and
age-specific manner, suggesting that GH not only supports growth,
but also has a role in the maintenance of many internal organs. As
mentioned above, GH has a role in body composition. It has been
shown that GH has a catabolic effect on AT, increasing lipolysis and
decreasing lipogenesis; consequently, reduced GH action leads to
AT enlargement (Kopchick et al., 2020). Since obesity is commonly
correlated with diseases such as cancer, diabetes and cardiovascular
diseases (Garg et al., 2014), the “obese, but healthy” phenotype seen
in GHRKO, GH-/-, 1.5mGHRKO and the AOIiGHD mice has drawn
the attention of many investigators to understand how the “qual-
ity and not the quantity” of AT impacts health and longevity; It was
suggested that some AT depots have more protective effects than
others (Troike et al., 2017). As such, the subq AT has been associated
with healthy obesity than the visceral depots as the preferential dis-
tribution of excess lipids in the subq depot is known to be less detri-
mental than at the visceral depots (Troike et al., 2017). In fact, it has
been shown that in obese rats, transplantation of autologous subq
AT into two visceral depots decreases insulin resistance (Torres-
Villalobos et al., 2016). Furthermore, hepatic insulin resistance can
be reversed by removing visceral fat (Barzilai et al., 1999). Of im-
portance, mice with reduced GH action (GHRKO, GH-/-, GHA) and
mice with adipocyte-specific reduction in GH action (AdGHRKO),
have a preferential enlargement in the subqg depot with relatively
little alteration to the perigonadal depot, suggesting that subg and
peri are the most and the least GH impacted AT depots, respectively
(Berryman et al., 2010). Likewise, characteristics such as adipocyte
size, fibrosis, and immune cell infiltration appear to be more robustly
altered in the subqg AT depot of GHRKO, GH-/-, and AAGHRKO mice
(List et al., 2019; List et al., 2019). Accordingly, the 1.5mGHRKO and
the 6mGHRKO showed a greater enlargement in the subq depot
while the AT mass of the peri and retro depots were the least altered
(Junnila et al., 2016). Interestingly, the lipid and protein oxidation
6mGHRKO mice seem to be reduced in the subqg and liver tissues
of 6mGHRKO mice in a sex-dependent manner further suggesting
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that the subg AT enlargement seen in 6mGHRKO mice may have a

positive “healthy impact” in the phenotype.

One of the postulated mechanisms for extending lifespan in
states of decreased GH action is resistance to cancer as both GHRKO
and Ames mice, as well as patients with LS showed reduced inci-
dence of cancer. Accordingly, male 6mGHRKO mice showed lower
cancer incidence compared to controls. Although this may appear
counterintuitive with respect to the longevity results, it is important
to note that the post-mortem pathology analyses were conducted
at the end of life. Thus, the female 6mGHRKO samples were sig-
nificantly older than the post-mortem specimens for control female
mice and had more time to develop cancer than control mice (lkeno
et al., 2003). In light of this possibility, it would be interesting to be
able to evaluate age-matched cohorts for intermittent pathology to
observe more precise causes of death across the sexes and ages.
Furthermore, other mouse lines with adult-onset reduction in the
GH/IGF-1 axis also have shown controversial results with respect to
cancer resistance as lifespan extension seen in LID5m females was
not associated with reduced cancer incidence (Ashpole et al., 2017).
Conversely, female L2-Cmu treated mice show reduced deaths due
to cancer and compared to controls (Mao et al., 2018). Another po-
tential reason why female mice did not show notable effects on pa-
thology is the sexual dimorphism with respect to the spectrum of
cancer. For example, female mice have more pituitary tumors than
male mice (Seldon et al., 1996). Since this was the post-mortem
pathological assessment, there was degradation of the tissues at
various degree and the central nervous system (including pituitary
gland) is one of the organs that deteriorates faster than others; thus,
there is a possibility that the changes in incidence and/or severity of
pituitary adenoma could not be detected. Importantly, even though
adult-onset disruption of GH axis seems to improve female lifespan,
health span enhancement is still controversial as LID and L2-Cmu
mice do not show any improvements in glucose homeostasis (Mao
et al,, 2018), and female LID mice show decreased physical and
cognitive performance, as well as no difference in cancer induced
mortality when compared to controls (Ashpole et al., 2017). RNA
sequencing experiments, frailty tests, rotarod, and grip strength
studies that are currently ongoing will help to more adequately elu-
cidate the healthspan and possible cellular mechanisms altered in
6mGHRKO mice.

In summary, we generated a mouse line with ablated GHR
at a mature-adult age of 6 months (6mGHRKO). We found that
6mGHRKO mice did not have decreased body size and were GH-
resistant (low IGF-1 and high GH circulatory levels), with decreased
lean mass and increased adiposity, especially in the subq depot.
Despite the obese phenotype, 6mGHRKO mice showed normal liver
TGs and reduced oxidative damage. Importantly, females exhibited
significant mean, median, and maximal lifespan extension while im-
proved insulin sensitivity, cancer resistance, and a trend to extend
median lifespan was seen in males. Hence, we show that suppressing
GH action at a mature-adult age results in normal pubertal growth

and confers multiple benefits to long-term health.

4 | EXPERIMENTAL PROCEDURES
4.1 | Generation and maintenance of 6mGHRKO
mice

Mice with a C57BL/6J genetic background carrying Lox P
sites flanking exon 4 of the Ghr gene were previously pro-
duced by the Knockout Mouse Project (KOMP) (Junnila et al.,
2016). C57BL/6J mice expressing a ubiquitous Cre recombinase
gene driven by the ROSA26 gene promoter/enhancer (B6.129-
Gt(ROSA)26Sortmi(cre/ERT2)Tyj/J mice) were purchased from
The Jackson Laboratory (Duran-Ortiz et al., 2018; Junnila et al.,
2016). Mice were bred to homozygosity for both the floxed Ghr
gene and the Cre recombinase gene. To ablate the Ghr gene,
6-month-old mice received intraperitoneal injections of 95-110 ul
of Tam dissolved in peanut oil (6mGHRKQO mice) or vehicle (pea-
nut oil) to control mice. A total dose of 0.32 mg of Tam/g of body-
weight was administered; mice received an injection once per day
over 5 consecutive days, as described previously (Duran-Ortiz
et al., 2018). Three cohorts of male and female mice were used
as follows: two experimental groups to perform the phenotypic
and metabolic characterization and a cohort for longevity stud-
ies. The first experimental cohort was dissected at middle age or
12 months old (n = 12); the second experimental cohort was dis-
sected at an old age or 22 months old (n = 12). The longevity study
cohort were followed throughout their lives and the time of death
recorded (n = 30-35) with no other experimental manipulation.
Mice were housed in a temperature and humidity-controlled room
at 22°C under a 14-h light, 10-h dark cycle, with 3-4 mice per cage,
and with ad libitum access to water and standard laboratory chow
(ProLab RMH 3000). All mouse protocols were approved by Ohio

University's Animal Use and Care Committee.

4.2 | Serum collection and tissue dissection

Serum was collected from blood obtained from the orbital sinus.
Dissections of the experimental groups took place after overnight
fasting. Euthanasia was performed using CO, and cervical disloca-
tion. After euthanasia, mice were dissected, and organs harvested.
Collected organs were weighed, snap frozen in liquid nitrogen and
stored at -80°C.

4.3 | Validation of the global GHR gene disruption
at 6 months of age

To validate GHR disruption, RT-qPCR was used to evaluate Ghr and
Igf-1 gene expression in the indicated tissues: liver, subq AT, peri AT,
kidney, quadriceps (quad) skeletal muscle, and heart. Experiments to
assess the circulating levels of GH and IGF-1 were also performed

using ELISA as described below.
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431 | RT-gPCR

For RNA isolation, frozen tissues were homogenized using a
Precellys 24-Dual homogenizer. RNA was isolated using the
Thermo Scientific™ GeneJET RNA Purification Kit following man-
ufacturer's instructions. The quantity and quality of total RNA
was measured with the NanoDrop ND-2000 (Thermo Scientific).
To ensure purity and quality of the RNA, only samples with a
260/280 and a 260/230 ratio 21.8 were used for subsequent ex-
periments. cDNA synthesis was performed using the Maxima First
Strand cDNA Synthesis Kit for RT-quantitative PCR (RT-qPCR),
and Maxima SYBR Green/Fluorescein gPCR Master Mix (Thermo
Scientific) was utilized to perform the RT-qPCR. Samples were
quantified using a Bio-Rad iCycler (Bio-Rad Laboratories). Two
housekeeping genes were used to assess Ghr and Igf-1 gene ex-
pression. RT-gPCR data analysis was performed using gBasePlus
software (Biogazelle—www.gbaseplus.com), which allows the nor-
malization to more than one reference gene, as well as correction
for primer efficiency and between plate replication. Primers used
are indicated in Table S4.

4.3.2 | ELISA for GH and IGF-1 measurements

Serum collected at the time of dissection was used to measure GH
and IGF-1. The mouse/rat-GH (22-GHOMS-EO1) and the mouse/rat
IGF-1 (22-1G1MS-E01) ELISA Kits from ALPCO were used following

manufacturer's instructions.

4.4 | Body composition and length

A Bruker Minispec NMR analyzer (Bruker Corp.) was used to meas-
ure body composition, which was determined every month start-
ing 1 day before Tam treatment until the time of dissection (12 or
22 months of age), as previously described (Junnila et al., 2016).
Body length was measured at the time of dissection from the tip
of the nose to the anus. Femur length was measured using a digital

caliper.

4.5 | Glucose metabolism

Insulin tolerance test (ITT) and a glucose tolerance test (GTT) were
performed at 11 months and 21 months of age, as previously de-
scribed (List et al., 2014). For GTTs, a 10% glucose solution was
prepared in filtered PBS. GTT was performed in overnight fasted
mice injected ip. with 0.01-ml glucose solution/g bodyweight. ITT
was performed in 6 h fasted mice, injected ip. with recombinant
human insulin (Novolin-R; Novo Nordisk), 0.01-ml/g bodyweight
out of 0.075 U/ml stock solution. Blood glucose was measured be-
fore injections and 15, 30, 45, 60, and 90 min after injection. Since
21 months old males were more insulin resistant than females, we
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used 1.5 U/ml of insulin for ITT at this time point. All glucose meas-

urements were taken using OneTouch Ultra glucose strips and glu-

cometers (Lifescan).

4.6 | Liver triglycerides

Liver triglycerides were evaluated using the frozen livers from mice
at 12 and 22 months of age, as previously described (Salmon & Flatt,
1985). Briefly, 50 to 100-mg of frozen livers collected from dissec-
tion were thawed and digested for 1 h at 37°C in 3 M KOH/65%
ethanol and then neutralized with 2 M Tris HCI. Triglyceride con-
tent was determined using the triglycerides (GPO) reagent (T7532;
Pointe Scientific) followed by spectrophotometric quantification
(Salmon & Flatt, 1985).

4.7 | Protein and lipid oxidation measurements

471 | Protein oxidation assay

The protein carbonyl derivatives of Pro, Arg, Lys, and Thr were
measured in liver and subg AT lysates of the 6mGHRKO and control
mice (n = 8-10), using the OxiSelect™ Protein Carbonyl ELISA Kit

from Cell Biolabs following manufacturer's instructions.

4.7.2 | Lipid peroxidation

The byproduct of lipid peroxidation, 4-hydroxynonenal (4-HNE), can
react with the lysine, histidine, or cysteine residues of proteins and
form stable adducts. 4-HNE-adducts were measured in the protein
lysates of liver and subg AT of 6mGHRKO and control mice (n = 8-
10) using the OxiSelect™ HNE-adduct competitive ELISA Kit from
Cell Biolabs, following manufacturer's instructions. Absorbance of
both ELISA assays were measured using Spectra Max 250 spectro-
photometer at 450 nm.

4.8 | Blood parameters

Insulin, leptin, resistin, interleukin-6 (IL-6), and monocyte chemoat-
tractant protein-1 (MCP-1), as well as insulin-like growth factor-
binding proteins (IGFBP)-2 and -3 were determine in serum using
MILLIPLEX MAP Mouse Metabolic Hormone Magnetic Bead Panel
kit (MMHMAG-44K) on a Milliplex 200 Analyzer (Millipore), follow-
ing manufacturer's instructions.

4.9 | Histopathology

End of life histopathology was performed in male 6mGHRKO
(n = 31) and control (n = 37) mice, as well as female 6mGHRKO


http://www.qbaseplus.com

DURAN-ORTIZ eT AL.

12 of 14 Wl LEY- Aging

(n = 26) and control (n = 31) mice. At the end of life, mice were

preserved in 10% formalin and shipped to the University of Texas
at San Antonio Pathology Core. Tissues were infiltrated with par-
affin and H&E sections were obtained. Slides were evaluated by
two pathologists who were blinded to the experimental. Diagnosis
of each histopathological change was made using histological clas-
sifications for aging mice in which a list of lesions was compiled
for each mouse that included both neoplastic and non-neoplastic
diseases. Based on these histopathological data, tumor burden,
disease burden, morbidity index, and severity of lesions in each
mouse were assessed. Tumor burden was calculated as the sum of
the different types of tumors in each mouse. The disease burden
was calculated as the sum of the histopathological changes in a
mouse and severity of neoplastic and renal lesions was assessed
using an established grading system. In cases with neoplastic le-
sions, mice with Grade 3 or 4 lesions were categorized as death by
neoplastic disease. In more than 90% of cases, there was agree-
ment by the two pathologists. In cases where the two pathologists
did not agree or where disease did not appear severe enough, the

cause of death was categorized as unknown.
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Statistical analyses were performed using GraphPad Prism version
5.01 (GraphPad Software). All values are reported as mean + SE.
Student two-tailed T tests were used to assess differences between
6mGHRKO mice vs. controls within a sex. These measurements in-
cluded serum parameters, body length, organ sizes, liver triglyceride,
and individual time points in GTTs, and ITTs. Two-way ANOVA was
used to evaluate differences between sexes and between experimen-
tal groups. Repeated measures two-way ANOVA was used for body-
weight, fat mass, percentage of fat mass, lean mass, and percentage
of lean mass over time were. A log-rank test and a Gehan-Breslow-
Wilcoxon test were used for comparison of survival data. For maximal
and median lifespan comparisons, Fisher's exact test was used on con-
tingency tables of the animals above the 90th and 50th age percentile,
respectively (Han et al., 2016). The significance level of all experiments
is set at p < 0.05. Survival analysis was performed using OASIS 2
(Online Application for the Survival Analysis 2) (Han et al., 2016).
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